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We provide an overview of the results presented during the sessions of
Working Group 3 “Rare B, D and K decays, radiative and electroweak pen-
guin decays, including constraints on Vtd/Vts and 
′/”, presented at the 10th
International Workshop on the CKM Unitarity Triangle (CKM 2018) at Hei-
delberg University (September 17-21, 2018).
Rare B, D and K decays provide interesting probes of the Standard
Model (SM), with a potential sensitivity to New Physics (NP) higher than
other, more common, decays. Their experimental measurement is challeng-
ing, and their theoretical interpretation requires a precise knowledge of QCD
at low energies, in the non-perturbative (hadronic) regime. The various b,
c, s decays provide different types of tests of the Standard Model, which
can be performed in different experimental settings and which may exhibit
correlated deviations in models of New Physics.
1 B decays
1.1 Exclusive b→ s`` transitions
b→ s`` transitions are an excellent probe for physics beyond the SM, as they
are forbidden on tree level. Several deviations from SM predictions have been
observed in the differential branching ratios, the angular distributions and
the ratio of the branching ratios of decays with muon and electron final states.
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1.1.1 Differential branching ratios
The differential branching ratios of the decays B0 → K∗0µ+µ− [1], B+ →
K∗+µ+µ−, B+→ K+µ+µ−, B0→ K0µ+µ− [2], B0s → φµ+µ− [3] and Λ0b→
Λµ+µ− [4] have been measured by the LHCb experiment. All measurements
show smaller values than predicted in the region of low dilepton invariant
mass, q2, albeit large uncertainties in the theoretical predictions are present
and limit the precision of these measurements.
1.1.2 Angular distributions
In the decays B0→ K∗0µ+µ− [5–8], B+→ K+µ+µ− [9] and Λ0b→ Λµ+µ− [10]
the angular distributions have been measured in the full q2 region (B0 →
K∗0µ+µ−, B+→ K+µ+µ− ) and in the q2 interval 15 GeV2/c4– 20 GeV2/c4
(Λ0b→ Λµ+µ−).
In the decay Λ0b→ Λµ+µ− for the first time all 34 angular observables were
measured using a moments analysis. All results are in agreement with their
SM predictions. The decay B+→ K+µ+µ− has only two angular observables,
the forward-backward asymmetry AFB and FH , sensitive to (pseudo-)scalar
and tensor contributions. Both observables were measured to be compatible
with SM predictions.
In the decay B0 → K∗0µ+µ−, measurements of all angular parameters
were performed, with the observable P
′
5 showing a deviation from the SM by
3.4 standard deviations in the LHCb measurement. A deviation of P
′
5 could
be due to a value of the Wilson coefficient C9, describing the strength of the
vector coupling, different from its SM prediction. Or the discrepancy could
be due to an underestimation of charm-loop effects. A possible strategy to
distinguish both contributions is to fit the differential branching fraction of
B0 → K∗0µ+µ−, modelling the contributing tree and penguin amplitudes
using Breit-Wigner line shapes, to determine the relative contribution of
long-distance (i.e. charm loop) and short-distance contributions. This mea-
surement was already performed for the decay B+ → K+µ+µ− [11]. An
alternative approach is to fit the continuous distribution of P
′
5 as described
in Refs. [12] and [13].
1.1.3 Lepton Flavour Universality violation
The ratios RK =
B(B+→K+µ+µ−)
B(B+→K+e+e−) and RK∗ =
B(B0→K∗0µ+µ−)
B(B0→K∗0e+e−) have been mea-
sured at the LHCb [14,15], BaBar [16] and Belle [17] experiments. While the
precision of the results from BaBar and Belle are limited by the statistical
precision, the LHCb results show a deviation from the SM. RK is measured
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to be RK = 0.745
+0.090
−0.074 ± 0.036, in the q2 interval 1 GeV2/c4– 6 GeV2/c4,
corresponding to a deviation of 2.6σ from the SM. RK∗ is measured to be
RK∗ = 0.66
+0.11
−0.07 ± 0.03 in the q2 interval 0.045 GeV2/c4– 1.1 GeV2/c4 and
RK∗ = 0.69
+0.11
−0.07 ± 0.05 in the q2 interval 1.1 GeV2/c4– 6.0 GeV2/c4. This cor-
responds to a deviation of 2.2 and 2.4 standard deviations from the SM. The
predictions for both measurements have a negligible theoretical uncertainty,
as hadronic effects cancel when forming the ratio.
1.1.4 τ leptons in the final state
So far, only b → s`` transitions have been measured where ` is a muon
or an electron. Given the low branching ratio of O(10−7) and the experi-
mental challenge to reconstruct τ leptons, b → sτ+τ− processes are exper-
imentally only weakly constrained. A deviation of the R(X) ratios, with
X = J/ψ ,D0
∗
, D+
∗
from the SM predictions, which is suggested by measure-
ments of LHCb [18–20], BaBar [21, 22] and Belle [23–26], would lead to an
enhancement of the branching ratio of b → sτ+τ− transitions, most signif-
icantly to the purely leptonic decay B0s → τ+τ−. Given the possible reach
with LHCb and Belle II, a discovery of a b→ sτ+τ− processes would imply
physics beyond the SM.
1.1.5 The purely leptonic decays B0s→ µ+µ− and B0→ µ+µ−
The decays B0s→ µ+µ− and B0→ µ+µ− are strongly suppressed in the SM
due to being flavour-changing neutral currents and helicity suppression. They
are sensitive to the Wilson coefficient C10 and the non-SM Wilson coefficients
CS and CP . The branching ratio of B0s → µ+µ− has been measured by the
LHCb [27], ATLAS [28] and CMS [29] experiments, with the latest result
from the ATLAS collaboration, being B(B0s → µ+µ−) = (2.8+0.8−0.7) × 10−9.
In the SM, only the heavy eigenstate decays into the dimuon final state,
a measurement of the lifetime could therefore reveal a deviation from the
SM. The lifetime has been measured by the LHCb experiment to be τ =
(2.04±0.44±0.05) ps and is compatible with the expectation. The precision
is limited by the small number of observed events. The decay B0→ µ+µ− is
currently unobserved and upper limits are computed, with the most stringent
one by the ATLAS collaboration, yielding B(B0→ µ+µ−) < 2.1 × 10−10 at
95% CL [28]. A plot with the ATLAS results is shown in Fig. 1.
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Figure 1: Likelihood contours for the combination of the Run 1 and 2015-2016
Run 2 results (shaded areas). The contours are obtained from the combined
likelihoods of the two analyses, for values of −2∆ log(L) equal to 2.3, 6.2 and
11.8. The empty contours represent the result from 2015-2016 Run 2 data
alone. The SM prediction with uncertainties is indicated. Figure taken from
Ref. [28].
1.2 Inclusive B→ Xd,s`` decays
B → Xs`` (and B → Xsγ) decays provide strong constraints on the short-
distance Wilson coefficients C7 (and C9, C10), with interesting experimental
prospects at Belle II. The computation relies on quark-hadron duality: the
same computation can be performed using a hadronic or a quark language,
the latter avoiding the complications due to hadronisation, provided that
the observable is inclusive enough, i.e., summed over a large set of kinematic
configurations. Experimentally, one has however to perform cuts on Eγ or
MXs that are difficult to tackle, introducing (hadronic) shape functions to
be modelled theoretically/fitted experimentally. The charm resonances are
signalled by charm loops inducing an mc dependence, which is a significant
source of uncertainty for B → Xs``, as well as higher orders in perturbation
theory [30,31]. A general analytic computation for all values of mc is difficult,
but it is currently under investigation, recently in the case of B → Xsγ.
Recent improvements in NNLO computations have led to SM predictions for
B → Xsγ with Eγ > 1.6 GeV of 6.9% (to be compared to 4.5% for the
experimental average) [32, 33]. Another improvement in the accuracy of the
prediction for B → Xd/s`` decays has been the recent inclusion of final states
with a large number of particles, which can have a sizable contribution to
inclusive b→ s`` transitions [34].
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1.3 Global fits
The measured branching ratios of the decays B→ K∗µ+µ−, B→ Kµ+µ−,
B0s→ φµ+µ−, the inclusive decay rate B→ Xsµ+µ− and the angular observ-
ables of B0→ K∗0µ+µ− and B0s→ φµ+µ− are combined in a global fit [35,36].
The best fit point in the plane of the Wilson coefficients C9 and C10 shows
a deviation from the SM by 5 standard deviations. When also allowing for
different operators for electron or muon final states, the overall picture is
unchanged, where a deviation from the SM is only seen in the muon final
states, see Fig. 2.
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Coe↵. best fit 1  2  pull
Cµ9  1.56 [ 2.12,  1.10] [ 2.87,  0.71] 4.1 
Cµ10 +1.20 [+0.88, +1.57] [+0.58, +2.00] 4.2 
Ce9 +1.54 [+1.13, +1.98] [+0.76, +2.48] 4.3 
Ce10  1.27 [ 1.65,  0.92] [ 2.08,  0.61] 4.3 
Cµ9 =  Cµ10  0.63 [ 0.80,  0.47] [ 0.98,  0.32] 4.2 
Ce9 =  Ce10 +0.76 [+0.55, +1.00] [+0.36, +1.27] 4.3 
Ce9 = C
e
10  1.91 [ 2.30,  1.51] [ 2.71,  1.10] 3.9 
C0µ9  0.05 [ 0.31, +0.21] [ 0.57, +0.46] 0.2 
C0µ10 +0.03 [ 0.21, +0.27] [ 0.44, +0.51] 0.1 
C0 e9 +0.07 [ 0.21, +0.37] [ 0.49, +0.69] 0.2 
C0 e10  0.04 [ 0.30, +0.21] [ 0.57, +0.45] 0.2 
TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe cient, taking into account only
LFU observables.
with the following four-fermion contact interactions,
O`9 = (s¯ µPLb)(
¯` µ`) , O0 `9 = (s¯ µPRb)(¯` 
µ`) , (6)
O`10 = (s¯ µPLb)(
¯` µ 5`) , O
0 `
10 = (s¯ µPRb)(
¯` µ 5`) , (7)
and the corresponding Wilson coe cients C`i , with ` =
e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [56] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [57, 58]. Imposing SU(2)L invariance, these bounds
cannot be avoided [59]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [60]).
For the numerical analysis we use the open source code
flavio [61]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`  angular observ-
ables DP 04,5 (see below), we construct a  
2 function that
depends on the Wilson coe cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. We use the default theory uncer-
tainties in flavio, in particular B ! K⇤ form factors
from a combined fit to light-cone sum rule and lattice re-
sults [62]. The experimental uncertainties are presently
dominated by statistics, so their correlations can be ne-
glected. For the SM we find  2SM = 24.4 for 5 degrees of
freedom.
Tab. I lists the best fit values and pulls, defined as thep
  2 between the best-fit point and the SM point for
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FIG. 1. Allowed regions in planes of two Wilson coe cients,
assuming the remaining coe cients to be SM-like.
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FIG. 1. Allowed regions in planes of two Wilson coe cients,
assuming the remaining coe cients to be SM-like.
Figure 2: Compatibility of the best fit of the real part of the (left) flavour-
specific Wilson coefficients Cµ,e9 and (right) of C9 and C10 with the SM pre-
diction. Figures taken from Ref. [36].
1.4 Radiativ d cays
1.4.1 Photon polarization in b→ sγ decays
The photon po arization in b→ sγ transitions is a sensitive probe for new
physics. While it has been established that the photon is polarized in the
decay B+ → K+pi−pi+γ [37], a precise determination of the polarization
requires amplitude a a ysis to understand the resonant structure of the
K+pi−pi+ system, and an angular analysis. Such a measurement can be
expected in the n ar future from Belle II and LHCb. An alternative approach
o measur the polarization is t determine the time-dependent decay rate of
B→ Xsγ decays and the CP parameters CCP and SCP . These measurements
have b en perform d by Belle and BaBar in the decays B0→ K0Spi0γ, B0→
K0Sηγ and B
0→ K0Sηγ [38], where all results are compatible with the SM
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predictions. A novel approach is to measure the decay B0 → K0Spi+pi−γ
[39], as the Dalitz structure of K0Spi
+pi− allows to determine the real and
imaginary part of the Wilson coefficients C7 and C ′7, which is not possible
when integrating over the Dalitz space. While extracting the full information
about the photon polarization from the time-dependent decay rate requires
the knowledge of the flavour of the B meson, the parameter A∆, related to the
polarization, can be extracted without this knowledge. This measurement
was performed by LHCb in the decay B0s→ φγ, yielding a value of A∆ =
−0.98+0.46+0.23−0.52−0.20 [40]. This result is compatible with the SM at 2σ.
1.4.2 Isospin and ∆ACP asymmetries in B→ Xsγ decays
Belle has measured the isospin asymmetry and ∆ACP in B→ K∗γ decays
[41], where the K∗ was reconstructed in the K+pi−, K+pi0, K0Spi
+ and K0Spi
0
final states, with event yields between about 350 to 2300 signal candidates.
The CP asymmetry was measured for the first time and yields ∆ACP =
(2.4 ± 2.8 ± 0.5)%. The isospin asymmetry was measured to be ∆0+ =
(6.2±1.5±0.6±1.2)%. While the CP asymmetry is compatible with the SM
prediction, the isospin asymmetry deviates by 3.1σ from the SM prediction.
A similar measurement was performed for the inclusive Xs final state [42],
with the results being ∆ACP = (1.26±2.4±0.67)% and ∆0− = (1.70±1.39±
0.87± 1.15)%. Both results are compatible with the SM predictions and the
results from BaBar.
1.5 Lepton Flavour Violation and other rare decays
1.5.1 Lepton Flavour Violation searches
The lepton-flavour violating decays B0→ K∗0µ±e∓ and Υ(3S)→ µ∓e± have
been searched for, setting the most stringent upper limit on the branching
ratio of 1.2 − 1.8 × 10−7 at 90% CL for B0 → K∗0µ±e∓ [43], depending
on the charge combination of the leptons, and 3.6 × 10−7 at 90% CL for
Υ(3S)→ µ±e∓.
Limits by the LHCb collaboration include B(B0s → µ±e∓) < 6.3 × 10−9
[44], B(B0→ µ±e∓) < 1.3 × 10−9 [44] and B(H→ µ±τ∓) < 26% [45] for an
SM Higgs, all at 95% CL.
1.5.2 Other rare decays
Limits were set on B(B−→ λpνν) < 3.0 × 10−5 at 90% CL by the BaBar
experiment, B(B+→ D+s φ) < 4.9 × 10−7 at 95% CL [46], which is a pure
annihilation decay, and B(Λ+c → pµ+µ−) < 7.7 × 10−8 at 90% CL [47] for a
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non-resonant dimuon, both by the LHCb experiment. The last decay is dom-
inated by decays over an ω or φ resonance. A first observation of the decay
Λ+c → pω(→ µ+µ−) was achieved, when requiring the dimuon to originate
from an ω meson, yielding a branching ratio of B(Λ+c → pω(→ µ+µ−)) =
(9.4± 3.2± 1.0± 2.0)× 10−4 [47].
The decay B0s → K∗0µ+µ− is a b→ d`` transition, strongly suppressed
in the SM and therefore potentially sensitive to effects beyond the SM. An
excess over background was seen for the first time by the LHCb experiment.
The integrated branching fraction was measured to be B(B0s→ K∗0µ+µ−) =
(2.9±1.0±0.2±0.3)×10−8 [48], which corresponds to a significance of 3.4σ.
The branching fraction of the s→ d`` transition Σ+→ pµ+µ− is dom-
inated by long-distance effects, additionally the result from the HyperCP
experiment saw an excess at the lower edge of the kinematically allowed q2
region [49]. The branching ratio was measured to be B(Σ+ → pµ+µ−) =
(2.2+1.8−1.3)× 10−8 [50] by the LHCb experiment, which corresponds to a signif-
icance of 4.1σ. No significant structure in q2 was observed.
2 D decays
2.1 Potential for NP discovery
Radiative charm decays provide interesting tests of New Physics, both in
the up sector (directly) and as a cross check of the B sector (through CKM
if NP couples to weak doublets of quarks). They can be analysed in the
model-independent framework of the effective Hamiltonian with three main
operators contributing, O7,9,10, similarly to the B physics case [30, 51], and
allowing for predictions for D0 → V γ (with V = ρ0, ω, φ,K∗0) [52] and
D → pi`` (branching ratio, forward-backward asymmetry, lepton-flavour uni-
versality) [53, 54]. The latter are affected by very large long-distance con-
tributions which are difficult to estimate. They can also be used to test
trendy NP models to explain B anomalies, such as leptoquarks [54–56], with
important constraints coming from D0 → µµ, D(s) → µν, Ds → τν.
2.2 Description of D → PP``
The decay D0 → P1P2`+`− (with P1, P2 being pions and/or kaons) can pro-
vide interesting information on the c → u`` neutral current, but it requires
analysing long-distance contributions [57]. The latter can be described us-
ing a resonance saturation model, writing the decay as D0 → V `+`− with
a subsequent decay V → P1P2. The vector D0 → V `+`− can be described
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assuming the dominance of the lowest vector/axial resonances and factori-
sation on the resulting weak matrix element. Predictions can be made for
various modes, separating bremsstrahlung and direct emissions, with a good
overall agreement with BaBar and Belle results for these modes [58–60],
and with other theoretical descriptions for the long-distance contributions
to these modes [61]. Additional topologies involving axial (rather than vec-
tor) intermediate resonances could turn out to be important (a third of the
vector contribution). The analysis could allow one to understand better the
cleanliness of angular asymmetries for these modes.
2.3 Recent experimental results
The BESIII experiment has presented various results on rare charm me-
son decays. Concerning charged currents, they reported the observation of
B(D0 → a−0 e+νe) = (1.33+0.33−0.29 ± 0.09) × 10−4 [62] and searches for D+ →
D0e+νe [63] and D → γe+ν [64] both constrained below 3.0 × 10−5 at 90%
CL. For neutral currents, a comprehensive list of modes D → he+e− and
D → hh′e+e− (with h and h′ light strange and/or non strange mesons) has
been studied, with upper limits between 10−5 and 10−6 improving signifi-
cantly compared to previous experimental bounds [65]. Further searches are
ongoing (lepton number violation through D → Kpie+e+, D → pi0νν¯).
The LHCb experiment has studied forward-backward, triple-product and
CP asymmetries in D0 → pi+pi−µ+µ− and D0 → K+K−µ+µ−. These
modes contain both short-distance (neutral current) and long-distance (reso-
nance) contributions. All asymmetries could be interesting probes of NP, but
they show a good compatibility with zero in agreement with the Standard
Model [66].
LHCb has also presented new results for the branching fractions of D+ →
K−K+K+, D+ → pi−pi+K+ and D+s → pi−K+K+, requiring a careful study
of the background and an anlysis of the efficencies varying across the Dalitz
plane. They improved significantly ratios of branching ratios between these
decays, providing the world’s best measurements [67].
3 K decays
3.1 ε′/ε in and beyond the SM
The direct CP violation in K → pipi decays, described by the ratio ε′/ε,
plays a very important role in the tests of the SM and more recently in
the tests of its possible extensions. A master formula for the ratio ε′/ε is
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obtained with a model-independent approach in the context of the ∆S = 1
effective theory with operators invariant under QCD and QED and in the
context of the Standard Model Effective Field Theory (SMEFT) with the
operators invariant under the full SM gauge group. Such a formula, which
allows to calculate automatically (ε′/ε)BSM once the Wilson coefficients of all
contributing operators are known at the electroweak scale µEW, reads as [68](
ε′
ε
)
BSM
=
∑
i
Pi(µEW) Im [Ci(µEW)− C ′i(µEW)] ,
where
Pi(µEW) =
∑
j
∑
I=0,2
p
(I)
ij (µEW, µc)
[〈Oj(µc)〉I
GeV3
]
.
The present master formula for ε′/ε can be applied to any theory beyond the
Standard Model (BSM) in which the Wilson coefficients of all contributing
operators have been calculated at the electroweak scale.
3.2 Experimental results on K → piνν¯ decays
The K → piνν¯ decays are flavour changing neutral current processes, highly
suppressed due to quadratic GIM mechanism and to CKM suppression. The
dominant contribution comes from the short-distance physics of the top quark
loop, with negligible long-distance corrections. This makes them very clean
theoretically and sensitive to physics beyond the SM, probing the highest
mass scales among the rare meson decays. The NA62 experiment at CERN
SPS is designed to measure the branching ratio of the K+ → pi+νν¯ de-
cay using a novel kaon decay-in-flight technique, while the KOTO experi-
ment at JPARC aims to study the KL → pi0νν¯ decay. Both experiments
produced new results in 2018. The NA62 experiment observed one candi-
date event, which translates into an upper limit on the branching ratio [69]
B(K+ → pi+νν¯) < 14 × 10−10 at 95% CL, compatible with the Standard
Model prediction. The KOTO experiment improved the existing upper lim-
its on the branching ratio of the neutral kaon decay by an order of magni-
tude [70]: B(KL → pi0νν¯) < 3.0× 10−9 at 90% CL.
3.3 Lattice results on K → piνν¯ and K → pi`+`− decays
The rare K → piνν¯ and K → pi`+`− decays proceed via a flavour changing
neutral current and therefore may only be induced beyond tree level in the
SM. This natural suppression makes these decays sensitive to the effects of
9
potential new physics. The CP -conserving K → pi`+`− decay channels how-
ever are dominated by a single-photon exchange; this involves a sizeable long-
distance hadronic contribution which represents the current major source of
theoretical uncertainty. In preparation towards the computation of the long-
distance contributions to these rare decay amplitudes using lattice QCD, an
exploratory study using unphysical K and pi masses have been performed.
In particular, the K → pi+`+`− form factor V (z) (z = q2/M2K) was evaluated
for the first time, obtaining [71] V (z) = 1.37(36), 0.68(39), 0.96(64) for the
three values of z = −0.5594(12),−1.0530(34),−1.4653(82) respectively.
3.4 Connecting K → piνν¯ and rare B decays
Lepton Flavor Universality (LFU) in the SM is ensured by the identical cou-
plings of the electroweak gauge bosons to all three lepton flavours. This
prediction has been probed at the permille level by stringent LFU tests per-
formed in semileptonic K and pi decays, in purely leptonic τ decays, and in
electroweak precision observables. Recent hints of LFU violations in semilep-
tonic B decays, for both charged-current and neutral-current mediated pro-
cesses, might point to BSM contributions coupled mainly to the third genera-
tion of quarks and leptons, with some small (but non-negligible) mixing with
the light generations. In order to satisfy this assumption, an Effective Field
Theory (EFT) based on the U(2)n flavour symmetry is considered [72, 73].
Such a study shows that O(1) deviations from the SM are expected in the
K → piνν¯ decays, which are the only K decays involving third-generation
leptons in the final state. Moreover, the correlations between B(K → piνν¯)
and both B(B → piνν¯) and R(D∗) can be exploited to distinguish between
different NP scenarios.
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